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Figure 1.1 Model for assembly of the general transcription factors into a preinitiation complex 
on a typical eukaryotic promoter. (A) Depicts a general eukaryotic proximal promoter 
containing a TAT A box (TAT A), an initiator motif (INR) that overlaps with the transcription 
start site (arrow), and two GAGA elements (clear boxes). (B) The recently identified GAGA 
factors (Weber, et al. 1997) are proposed to bind one or more of the GAGA elements thus 
priming the chromatin to enable the interaction of the TAT A-binding protein (TBP) (Pink). 
Several TBP-associated factors-T AFs- (Pink) then bind to TBP and making up the TFIID 
complex, binding of TFIIA then follows. (C) Isomerization of the TFlIA -TFIID complex must 
occur to allow further stepwise binding of TFIIB, RNA pollIa (red)-TFIIF dimer, TFIIE, 
TFIIH, and the mediator (dark pink) complex (D). The frequency of initiation can be increased 
by interaction with RNA pol II holoenzyme. In order to allow elongation to take place (E), 
DNA melting and CTD phosphorylation, which together stimulate promoter clearance, must 
occur. The recycling of various parts of the spent GTFs (dotted arrows) provides mechanisms to 
further increase the rate of re-initiation (adapted from Ogbourne and Antalis 1998). 
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Chapter 1 Introduction 
1.4.4 DNA METHYLATION PATTERNS IN TRANSFORMED CELLS 
Tumour and transfonned cells are characterized by both changes in 5-methylcytosine levels 
and modified DNA methylation patterns within genes. Both widespread DNA 
hypomethylation and regional hypennethylation, as well as increased Dnmtl levels are 
associated with cellular transfonnation. Recently, overexpression ofDNMT3a and 3b has also 
been reported (Robertson, et al. 1999; Xie, et al. 1999). The fact that these changes are 
prevalent in cancer cell is indicative of the significant role they play and mechanisms 
employed by methylation in carcinogenesis. Deamination-driven mutations and altered CpG 
island methylation are the two major mechanisms that account for loss of gene function 
associated with DNA methylation in transfonned cells. The possibility that these two 
processes are intertwined such that one can predispose to the other in driving tumour 
progression is becoming more evident (Jones 1996; BayIin, et al. 1998) and has led to the 
revision of the Knudson's two-hit hypothesis by Jones and Laird (1999) in (Figure 1.4). 
HO- CH3 
Methanol 
~H 
~ N 
-~ 
IR..~ 1 o V'"" I 
Cytosile 
Figure1.3 Enzymatic demethylation of the 5-methyl-cytosine. The reactants of the 
above reaction are proposed to be water and methyl-dCpdG-bearing DNA. The 
demethylase (green) fonns a covalent intennediate, comparable to that found during 
enzymatic methylation, through the addition of an enzymatic nucleophile (Nu-H) across 
the 5,6 double bond, assisted by the proton shuffling at N3 . In situ activation of water 
generates a hydroxide that is then attacked by this intennediate with the ultimate 
products as non-methylated cytosine and methanol. The double arrows in blue indicate 
that the reaction involves two steps but the intennediates are not shown. This reaction is 
said to be thennodynamically favourable, even though it involves cleavage of a carbon-
carbon bond, because its products are methanol and non-methylated cytosine (redrawn 
from Bhattacharya, et al. (1999) and Cedar and Verdine 1999). 
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The mechanisms by which these altered methylation patterns could be involved in 
transformation are through the inactivation of tumour suppressor genes and the activation of 
oncogenes (Herman, et al. 1994; Graff, et al. 1995; Herman, et af. 1995; Fang, et af. 1996; 
Herman, et al. 1996; Hsieh, et al. 1998; Klump, et al. 1998). Regional increases in DNA 
methylation at CpG sites that are usually never methylated yet found methylated in tumour 
cells results in gene inactivation (Counts and Goodman, 1995; Nagatake et al., 1996; 
Gonzalgo and Jones, 1997; Gonzalgo et af., 1998; Deng et af., 1999). 
r--+ ~~...n .. ?~ ct2: mut # ~"(j" , Me 
_.i.':'.-_ f irst » .JILII....i.-__ _ 
_ rt __ ~ · hi st 
~LOH ~elJ1:t1i1t iOO s.econd hit 
st; 
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mu~ g l, 
M«. tt I 
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+ 
methylation 
Methylation 
+ 
LOH 
Mo!' rttt I 
Biallel ic 
melb atiOl1 
Figure 1.4. The revised Knudson's two-hit hypothesis. Jones and Laird (1999) have 
revised the Knudson's hypothesis of tumour progression to include the role of DNA 
methylation. They follow the fate of two active alleles of a tumour suppressor gene 
(green boxes) and show gene inactivation in two steps referred to as hits in the diagram. 
The first hit, representing the first step of inactivation, could either be due to a localised 
mutation shown by a yellow box in the top allele on the left panel of the diagram or by 
transcriptional repression represented by a cross (x) in the top allele on the right panel. 
The final step, or second hit, leading to repression could either be by loss of 
heterozygosity (LOH) or transcriptional silencing or a combination of the two (redrawn 
from Jones and Laird 1999). 
Approximately half of the tumour suppressor genes causing familial cancer through germline 
mutations have been found to show inactivation associated with promoter hypermethylation 
in sporadic cancers. In some of these genes, hypermethylation was the only event that led to 
loss of expression (Baylin, et af. 1998). Examples of such tumour suppressor genes include 
von Hippel-Lindau (VHL) which promotes angiogenesis (Herman, et al. 1994), p16 lNK4a a 
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Figure 1.5 Schematic representation of transcriptional repression due to chromatin 
remodelling effected by DNA methylation. The top diagram depicts the structure of a 
transcriptionally active gene (blue arrow) where the nucleosomes (blue cylinders), 
representing the core histones that complex with DNA have acetylated histone tails 
(yellow ovals). When the gene is methylated (mCpG shown as red circles), binding of 
the MeCP2 (or other MBD proteins) is facilitated which then recruits transcriptional co-
repressors (yellow with red edges) and histone deacetylases (light blue). This results in 
a compact structure that is inaccessible to trans-acting factors and the transcription 
machinery and thus transcriptional repression. Adapted from Jones and Laird (1999). 
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Introduction 
Onmt1 rea\Jitiillg deacetylase 
to the replicalioll fork 
Figure 1.6 The hypothetical interplay between Dnmtl and histone deacetylation. The 
upper strand postulates that Dnmtl (Pink ovals) methylates the daughter strands after 
replication (symmetrically methylated cytosines shown as red circles) thus attracting 
proteins with a methyl-C-binding domain (MBD-blue triangles) that are in complexes 
with histone deacetylases (HDACs-green circles), to ensure nucleosome assembly of 
deacetylated histones and subsequently condensed chromatin. An alternative pathway is 
shown in the bottom strand. Here it is proposed that Dnmtl is recruited to the 
replication foci, by the MBD2-MBD3 hetero-dimer and its associated HDACs, after 
histone deacetylation has occurred. This pathway therefore suggests that efficient 
maintenance methylation of DNA might require compact chromatin. Adapted from 
Newell-Price, et at. (2000). 
The human a2(I) collagen gene is downregulated in transformed human lung embryonic 
fibroblasts (Parker, et at. 1989). Also, several investigators have demonstrated the proximal 
promoter of the COLIA2 gene to be sufficient for transcriptional regulation of the gene 
(Boast, et al. 1990). Thus the cis-acting and trans- acting factors responsible for COLIA2 
expression are the focus ofa variety of studies. The proximal promoter of the COLIA2 gene 
is CG- rich and as such is a good candidate gene for methylation-induced repression. 
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M Untreated pUCT-l 
--------------------------~ 
SVWi38 CT-l water control M 
123 6 7 8 9 10 11 
. ' . ~ 
'·Je---3 51 bp 
Figure 2.4 PCR Amplification of the bisu1phite treated proximal human 
COLIA2 promoter. 500ng DNA isolated from SVWI38 and CT-1 fibroblasts, or the 
cloned a2(I) promoter (PUCT-1) was treated with bisulphite and subjected to two 
rounds of PCR amplification (94°C12minx 1 cycle, (94°C120sec, 53°C120sec, 72 
°Cllmin) x 29 cycles, 72°C/5minxlcycle). Primers specific for converted DNA were 
designed with C or G at their 3' or 5 end to increase stability of hybrids, (Forward 
primer 5'-TTT TAA AAA GAA TGG AAT TAA TTT AAG AAG-3' and reverse 
primer 5'-TAA CAC TTA AAC ATA CAA ACT CCT TAT ATC-3'). The PCR 
products were analysed on 2% agarose gels, stained with ethidium bromide, and viewed 
under UV-light. Lanes 2 & 3 are untreated DNA and the lanes 4,5,6,7,8,9, are bisulphite 
treated DNA. A 1000bp DNA ladder was used as marker and the 351bp is shown by the 
arrow. Lanes in between the different samples were left empty to avoid spill over. 
37 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
were 
....... '''vlU.j::, were pertoim:ted vectors were 
a 
status 
WIIUCaC()lU1CS were 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
A 
B 
Chapter 2 Methylation Analysis 
stability and proper positioning of the RNA polymerase II (Buratowski et al., 1989; Roy 
et al., 1993). These results therefore suggest that DNA methylation could playa critical 
role in a2(I) procollagen gene transcription by inhibiting the assembly of the pre-
initiation complex. 
M SVWI clones 
Figure 2.5 Analysis of cloned peR products on a 2% agarose gel. Using blue/white 
selection of colonies, clones with inserts were picked and digested with EcoRI in order 
to release the inserts. Digested products were analysed on a 2% agarose gel. The arrows 
indicate 351bp inserts from (A) SVWI and CT-l and (B) pUCT-l clones. M represents 
the pBR322/HhaI marker. Clones with inserts were then prepared for DNA sequence 
analysis. 
An interesting feature was the methylation of cytosines not present within CpG 
dinucleotides, although most of these residues were found in the methylated CpG 
clusters. Taking these additional methylated residues into account, the total methylation 
observed in SVWI-38 fibroblasts was even higher. However, these methylated non 
CpG sites could be artefacts (see Discussion). In an effort to understand mechanisms 
through which DNA methylation could be involved in COLIA2 transcriptional 
silencing, transient-transfection assays using methylated and unrnethylated promoter 
constructs, described in chapter 3, were carried out. These experiments further 
supported the hypothesis that transcriptional silencing of the a2(I) procollagen gene 
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may be achieved via DNA methylation. For genes whose expression is influenced by 
DNA methylation, the main mechanisms for silencing have been reported to be mainly 
through changes in chromatin structure. 
3' 
T* 
T* 
T* 
T* 
T* 
T 
T 
T* 
T* 
5' 
Figure 2.6 Methylation analysis of the bisulphite treated al(J) proximal promoter 
in SVWJ-38 fibroblasts. Unmethylated cytosines in the human u2(1) proximal 
promoter were deaminated to uracil using the sodium bisulphite procedure (section 4.3). 
The mutagenised promoter was then PCR amplified with primers specific for the 
bisulphite modified DNA, subc10ned into pOEM-T-Easy plasmid and sequenced using 
M13 forward primers as described in section 4.3.4.3. Bisulphite converted cytosines 
were then amplified as thymine (shown above with *) while methylated cytosines 
remained unchanged (i.e. amplified as cytosine as illustrated with the representative 
CpO in bold). Some of the unchanged cytosines, which did not occur within any CpO 
dinucleotides, were found to be part of the vector sequence. 
40 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
Chapter 2 Methylation Analysis 
C C GA G C T CG GAT CA C TA G T AA (G G C ( G ( ( A " G T G CT G G U TT (G ( C CT T r AA ( H T T U AC A TA C H H TC CT TA 
10 76 18 40 S9 till 79 
Figure 2.7 DNA sequence of the a2(I) procollagen gene proximal promoter 
from CT-l cells (collagen expressing cells). DNA was extracted from CT-1 cells, 
treated with bisulphite and PCR amplified as explained in sections 4.2 and 4.3. The 
amplified fragment was then subcloned into pCR®2.1-TOPO vector and sequenced 
with an automated sequencer ABI PRISM Model 377 DNA Sequencer. The antisense 
strand is represented above with all cytosines converted to thymines. The 17 CG 
dinucleotides examined were all urunethylated. 
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Chapter 2 Methylation Analysis 
-219 ... TCCTCAA AAAGAATGGA ACCAATTTAA GAAGCCAGCC CCG'l'GGCCAC GTCCCTTCCC 
CT-l ... TTTTTAA AAAGAATGGA ATTAATTTAA GAAGTTAGTT TTGTGGTTAT GTTTTTTTTT 
SVWI-38 ... TTTTTAA AAAGAATGGA ATTAATTTAA GAAGCCAGCC CCGTGGCCAC GTTTTTTTTT 
-160 CCATTCGCTC CCTCCTCTGC GCCCCCGCAG GCTCCTCCCA GCTG'l'GGCTG CCCGGGCCCC 
CT-l TTATTTGTTT TTTTTTTTGT GTTTTTGTAG GTTTTTTTTA GTTGTGGTTG TTTGGGTTTT 
SVWI-38 TTATTTGTTT TTTTTTTTGT GTTTTTGTAG GTTTTTTTTA GTTGTGGTTG TTTGGGTTTT 
-100 CAGCCCCAGC CCTCCCATTG GTGGAGGCCC TTTTGGAGGC ACCCTAGGGC CAGGGAAACT 
CT-l TAGTTTTAGT TTTTTTATTG GTGGAGGTTT TTTTGGAGGT ATTTTAGGGT TAGGGAAATT 
SVWI-38 TAGTTTTAGT TTTTTTATTG GTGGAGGCCC TTTTGGAGGT ATTTTAGGGT TAGGGAAATT 
~ 
-40 TTTGCCGTAT AAATAGGGCA GATCCGGGCT TTATTATTTT AGCACCACGG CAGCAGGAGG 
CT-l TTTGTTGTAT AAATAGGGTA GATTTGGGTT TTATTATTTT AGTATTATGG TAGTAGGAGG 
SVWI-38 TTTGCCGTAT AAATAGGGCA GATCCGGGCT TTATTATTTT AGCATTATGG CAGCAGGAGG 
+20 TTTCGGCTAA GTTGGAGGTA C'l'GGCCACGA CTGCATGCCC GCGCCCGCCA GGTGATACCT 
CT-l TTTTGGTTAA GTTGGAGGTA TTGGTTATGA TTGTATGTTT GTGTTTGTTA GGTGATATTT 
SVWI-38 TTTCGGCTAA GTTGGAGGTA CTGGCCACGA CTGCATGCCC GCGTTCGCCA GGTGATACCT 
+80 CCGCCGGTGA CCCAGGGGCT CTGCGACACA AGGAGTCTGC ATGTCTAAGT GCTA . .. 
CT-l TTGTTGGTGA TTTAGGGGTT TTGTGATATA AGGAGTTTGT ATGTTTAAGT GTTA . .. 
SVWI - 3 8 CCGCCGGTGA TCC. AGGGGTT TTGTGATATA AGGAGTTTGT ATGTTTAAGT GTTA . .. 
Figure 2.8: Summary of the methylation profile of the human a2(I) procollagen 
gene. Cytosine residues in CpG dinucleotides within the COLIA2 proximal promoter 
from collagen expressing (CT-l) and non-expressing (SVWI38) cells were compared. 
The published nucleotide sequence is in bold and the CpG dinucleotides studied are 
represented in pink. The cytosine residues found methylated in the cell lines are 
depicted in red while the unmethylated cytosine residues are shown in green. The arrow 
indicates the transcription start site. 
The recently developed bisulphite technique overcomes most of the drawbacks of the 
earlier procedures used in the identification of S-methylcytosine residues (SmC) 
(Frommer et ai, 1992 and Clark et aI1994). This method reveals the methylation status 
of every cytosine residue in the gene of interest. In light of recent studies that have 
demonstrated the relationship between the density of methylated cytosines in promoter 
regions and methyl binding proteins (both sequence specific and non-sequence specific) 
in inhibiting transcription (reviews by Tate & Bird, 1993; Kass et al., 1997) it is 
essential to determine the methylation status of every cytosine residue in the gene. 
Although several pro collagen genes have been shown to be regulated by DNA 
methylation, detailed methylation analysis of the procollagen promoters has not been 
reported. 
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3.2.1 In vitro methylation 
The COLlA2 promoter constructs were methylated in vitro using the bacterial CpG 
methylase, M.SssI that methylates all cytosine residues within the double stranded 
recognition sequence 5' ... CpG ... 3'. However, unlike the mammalian enzyme, all cytosine 
residues in the dinucleotide recognition sequence are efficiently methylated in both 
unmethylated and hemimethylated substrates. Completeness of methylation was 
determined by the protection of the fragment from digestion with the methylation 
sensitive restriction enzyme HpaII, which is sensitive to methylation of the internal 
cytosine in the recognition sequence CCGG. The methylated constructs were found to be 
100% resistant to Hpall digestion compared to the unmethylated constructs (Figure 3.2). 
un me un me un me un me M 
1700 343 120 107 
Figure 3.2: Methylation of the promoter constructs. The -1700bp, -343bp, -120bp, 
& -107bp COLIA2/CAT promoter constructs were methylated with M SssI -as described 
in section 4.3.9. Methylated (me) and mock methylated (un) constructs were digested 
with the methylation sensitive restriction enzyme, Hpall that recognizes the CCGG 
sequence and analysed on a 2% agarose gel. The methylated constructs are fully 
protected from digestion while the unrnethylated constructs were not. Pvull digested /..-
DNA marker is shown in lane M. 
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